Abstract: Covalently-bonded atoms of Groups IV-VII tend to have anisotropic charge distributions, the electronic densities being less on the extensions of the bonds (σ-holes) than in the intervening regions. These σ-holes often give rise to positive electrostatic potentials through which the atom can interact attractively and highly directionally with negative sites (e.g., lone pairs, π electrons and anions), forming noncovalent complexes.
The σ-Hole and Halogen Bonding
About 20 years ago, while studying the computed electrostatic potentials on the surfaces of halogen-containing molecules, Brinck et al. [1, 2] found something totally unexpected: A covalently-bonded halogen often has a region of positive electrostatic potential on its outer side, along the extension of the covalent bond. However the lateral sides of the halogens generally have negative potentials. An example is shown in Figure 1 . The bromine is to the right, coming out of the page; the aromatic ring is to the left, going into the page. Color ranges, in volts, are: red, greater than 0.60; yellow, from 0.60 to 0.30; green, from 0.30 to 0; blue, less than zero (negative). The σ-hole on the bromine, along the extension of the C-Br bond, is shown in red, yellow and green; its most positive value is 0.74 V.
This discovery resolved what had sometimes been called the -enigma‖ of halogen bonding. It has been known since the mid-19th century that covalently-bonded halogens can form complexes with nitrogen and oxygen Lewis bases, e.g., amines, as well as with other negative sites [3] [4] [5] [6] [7] [8] [9] [10] [11] . The enigma was that halogens are considered to usually be negative in character and therefore not anticipated to be attracted to negative sites. The work of Brinck et al. [1, 2] provided the explanation. They pointed out, and others subsequently did also [12] [13] [14] , that halogen bonding can readily be understood as the attractive interaction between the positive outer region on the halogen and the negative site.
This positive region results from the anisotropy of a covalently-bonded halogen's electronic density, which is typically less on the outer side of the halogen (i.e., on the extension of the bond) than on its lateral sides [14] [15] [16] [17] [18] [19] [20] . The outer region of lesser electronic density has been labeled a -σ-hole‖ [21] . If its electronic density is sufficiently low, then the σ-hole has a positive electrostatic potential.
Since a σ-hole arises from the shifting of electronic charge that accompanies the formation of the covalent bond to the halogen, it can be expected that the σ-hole potential will be more positive as: (a) the halogen is increasingly polarizable (F < Cl < Br < I) and (b) the electron-withdrawing power of the atom or group forming the bond is greater relative to the halogen. These trends have been confirmed repeatedly [10, 11, 20] . Thus the halogen σ-hole is more positive in C 6 H 5 Br than in C 6 H 5 Cl, and more positive in NC-Br than in C 6 H 5 Br [10] . Fluorine, having the lowest polarizability and highest electronegativity of any halogen, is least likely to have a positive σ-hole, but it can have one if the remainder of the molecule is sufficiently electron-withdrawing [22] [23] [24] .
In the context of halogen bonding, a particularly significant series of studies was carried out by Murray-Rust et al. [25] [26] [27] . They used the Cambridge Structural Database to survey the crystal structures of numerous halide systems, seeking to identify close intermolecular contacts involving halogens. A close contact was defined as being less than the sum of the respective van der Waals radii, and was interpreted as indicating an attractive noncovalent interaction.
Murray-Rust et al. [25] [26] [27] found an interesting pattern. For a halogen X in a molecule R-X, its close contacts with nucleophilic components of other molecules were approximately along the extension of the R-X bond (structure 1), while those with electrophilic components involved the lateral sides of the halogen (structure 2). These observations are fully consistent with the subsequent demonstration by Brinck et al. [1, 2] that many covalently-bonded halogens have positive electrostatic potentials on the extensions of the bonds and negative potentials on their lateral sides. Structure 1 shows what is called a halogen bond; it is characterized by the R-X---Nucleophile angle being in the neighborhood of 180° [10, 11, 20] . Interest in halogen bonding has surged in recent years, due to the recognition of its importance in the design of new materials and in biological systems. There have been several reviews of this work [9, 11, 20] . An important factor in these applications is the -tunability‖ of halogen bonding; as discussed above, the magnitude of the positive σ-hole electrostatic potential (and hence the strength of its interactions) can be modified (-tuned‖) as desired by varying the halogen and the electron-attracting ability of the remainder of the molecule.
σ-Holes and Groups IV-VI Noncovalent Interactions
Given the success of the σ-hole interpretation of halogen bonding, it is natural to inquire: (a) whether covalently-bonded atoms of Groups IV-VI can also exhibit positive σ-holes; and (b) whether these may account for some of the noncovalent interactions of these atoms and thus be useful in crystal engineering. The answers to both questions are yes.
In a series of computational studies reported between 2007 and 2009 [28] [29] [30] , it was shown that covalently-bonded atoms of Groups VI, V and IV, respectively, can indeed have regions of positive electrostatic potential on the extensions of the covalent bonds to these atoms. Thus there can be two such regions on atoms of Group VI, three for Group V and four for Group IV (or more if the atoms are hypervalent [30, 31] ). The existence of these σ-holes can again be attributed to the anisotropies of the electronic densities of covalently-bonded atoms [16, 19, 32, 33] . The magnitudes of the σ-hole potentials are governed by the same factors as for the halogens: They increase in going from the lighter to the heavier (more polarizable) atoms within a Group, and as the partners in the covalent bonds become more electron-withdrawing. The latter factor means that the σ-holes on a given atom can have different potentials; see Figure 2 . Further analyses of what determines the magnitudes of σ-hole potentials can be found elsewhere [34] . The phosphorus is in the middle, coming out of the page, the cyano group is toward the top, the chlorine to the right and the fluorine to the left. Color ranges, in volts, are: red, greater than 1.1; yellow, from 1.1 to 0.56; green, from 0.56 to 0; blue, less than zero (negative). There are three σ-holes on the phosphorus, along the extensions of the Cl-P, F-P and NC-P bonds; these are shown in red. Their most positive values are: Cl-P, 1.7 V; F-P, 1.5 V; NC-P, 1.4 V.
The formation of noncovalent complexes between positive σ-holes on Groups IV-VI atoms and negative sites has been extensively demonstrated computationally [10, 11, 20, [28] [29] [30] [31] [35] [36] [37] [38] [39] [40] [41] [42] and many such complexes are also known experimentally, in some instances for decades. However, only since 2007 have they been recognized as σ-hole bonding. Some of this experimental work is now summarized.
Surveys of close contacts in the crystal structures of divalent sulfides [32, 43] showed that these follow patterns analogous to what was observed for halides [25] [26] [27] , mentioned earlier. For a sulfide R 1 -S-R 2 close contacts of the sulfur with nucleophilic (negative) sites were approximately along the extensions of the R 1 -S and/or R 2 -S bonds (structure 3), while those with electrophilic (positive) sites were above and below the R 1 -S-R 2 plane (structure 4). Structure 3 clearly depicts a σ-hole interaction. Selenium close contacts were found to follow similar patterns [33] . One of these studies explicitly drew attention to instances of sulfur in one molecule in close contact with a sulfur in another molecule (structure 5) [32] . Such -like attracting like‖ can now be understood as the positive σ-hole on one sulfur interacting with the negative lateral side of another. Like-like σ-hole interactions involving Group V-VII atoms have been found both computationally [19, 20, 44, 45] and experimentally [17, 32, 46, 47] , e.g., ClH 2 P---PH 2 Cl [20] and crystalline Cl 2 [17] . (In the case of covalently-bonded tetravalent Group IV atoms, we have found that their entire surfaces have positive electrostatic potentials, although the σ-holes are the most positive [10, 20, 30] ; thus while these atoms do form σ-hole complexes, they cannot be like-like interactions.)
nucleophile (negative site)
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A variation of structures 3 and 5 is the bifurcated structure 6, in which the σ-holes of two linked sulfurs interact with a single nucleophile. This has been found in 315 crystal structures [48] .
Numerous S---O close contacts have been observed, some of them as long as 50 years ago [49, 50] . These observations were often crystallographically-based, e.g., through surveys of the Cambridge Structural Database [51] and the Protein Data Bank [52] . Neutron diffraction has been used as well [53] . In an interesting analysis by Shishkin et al. [51] , an intramolecular S---O σ-hole bond was suggested to be present in the indigoid dye thioindirubin, purely on the basis of its chemical structure. An S---O close contact was confirmed crystallographically, and the computed electrostatic potential did reveal the σ-hole interaction.
Particularly notable is a study by Burling and Goldstein [54] involving thiazole and selenazole nucleosides that show a variety of biological activities. The specificities of their binding to a target enzyme depend upon particular conformations being stabilized by intramolecular S---O and Se---O bonding. Burling and Goldstein showed, for the thiazole nucleoside, that these interactions could be explained in terms of positive and negative electrostatic potentials associated with the sulfur and the oxygen, respectively. They were invoking what is now recognized as a positive σ-hole on the sulfur. (For a relevant later analysis, see Murray et al. [55] ).
Se---N σ-hole interactions were reported in solid Se(CN) 2 [56] , analogous to what had earlier been predicted computationally for S(CN) 2 [28] , and S---π interactions have been observed in biological systems [57, 58] . Additional experimental examples involving Group VI are cited by Iwaoka et al. [35] and Cozzolino et al. [36] .
The experimental evidence of Group V σ-hole bonding is much less extensive than for Group VI, but it is certainly enough to show that they do occur. There have been observed examples of intramolecular P---P [46, 47] , P---N [59, 60] and P---S [59] close contacts that show the characteristics of σ-hole interactions; some of the cited examples go back nearly 40 years. A 1991 tabulation of Lewis acids included PF 3 and AsF 3 [61] , indicative of ability to interact with negative sites, e.g., F 3 P---Nucleophile. Hill et al. [62] describe intermolecular As---Cl interactions.
We are aware of only one systematic survey of Group V crystal structures to find close contacts, and that was limited to trivalent antimony and bismuth compounds [63] . It was found that the great majority of the close contacts were trans to electron-attracting substituents X, i.e., approximately along the extensions of the X-Sb and X-Bi bonds. Such close contacts certainly fit the description of σ-hole interactions.
There is voluminous research literature dealing with inter-and intra-molecular σ-hole bonding between tetrahedral Group IV atoms and negative sites [59, [64] [65] [66] [67] [68] [69] [70] [71] ; the latter are often amine nitrogens, but also include others such as oxygens and sulfurs. These complexes are sometimes labeled -bicapped tetrahedra‖ [64, 66, 67, 69] , in order to distinguish them from penta-and hexa-coordination. Kost et al. [69] presented an analysis of the relationships between bicapped tetrahedral and higher-coordinate silicon systems.
Tetrahedral carbon is less likely to participate in σ-hole interactions than are the other Group IV atoms, because: (a) it is the least polarizable and therefore will have less positive σ-holes; and (b) it is the smallest, so that the σ-holes are most likely to be at least partially blocked by the atoms or groups bonded to the carbon. However it was shown already in 2009 that carbon definitely can have positive σ-holes [30] , and stable interactions with negative sites have been demonstrated computationally [42, 72] .
Banzá et al. [73] conducted a survey of the Cambridge Structural Database for close contacts between tetravalent silicon, germanium or tin and five electronegative atoms (the halogens and oxygen). They found more than 1000 that were less than or equal to the sum of the respective van der Waals radii; however they did not stipulate any directional limitations so it is not known how many of these show the characteristic near-linearity of σ-hole bonding.
Interesting examples of Group IV intramolecular σ-hole interactions are provided by X-ray and electron diffraction studies of molecules containing the Si-O-N and Ge-O-N linkages [74] [75] [76] . The Si-O-N and Ge-O-N angles were found to be much smaller than would be anticipated. It was later demonstrated computationally that this can be attributed to attractions between silicon and germanium σ-holes and the nitrogen lone pairs [77] .
Present Study
It is clear from the preceding discussion that surveys of crystal structures have been important sources of experimental evidence for the existence of σ-hole bonding. Particularly significant were those by Murray-Rust et al. [25] [26] [27] and by Parthasarathy et al. [32, 33, 43] , which revealed the different modes of interaction of Group VII and Group VI atoms, respectively, with nucleophiles and with electrophiles. The survey of halogen close contacts in the Protein Data Bank by Auffinger et al. [13] was instrumental in drawing attention to the significance of halogen bonding in biological systems.
To our knowledge, there has been no analogous analysis of crystal data for the first three members of Group V, i.e., nitrogen, phosphorus and arsenic. While there are certainly many specific examples-both experimental [46, 47, 59, 60, 62] and computational [20, 29, 38 ]-of σ-hole interactions involving these atoms, it would be useful to have the overall picture that a survey can provide. This is one of our present objectives. We also look in more detail at some individual systems that are uncovered by this survey, focusing upon their electrostatic potentials.
Survey of Crystal Structures
We have searched the Cambridge Structural Database (CSD, version 5.34) [78] for near-linear intermolecular close contacts:
where Z is a trivalent nitrogen, phosphorus or arsenic and B is a singly-, doubly-or triply-bonded nitrogen (8, 9 or 10), a singly-or doubly-bonded (to carbon) oxygen (11 or 12) or a fluorine (13) . 
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The Quest3D program (version 1.15) [79] was utilized for the search. The crystal structures have R < 10% and the error-free coordinates according to the CSD criteria; excluded were polymeric or disordered structures, and those based upon powder patterns.
Our search stipulated that the angle R 2 -Z---B must be at least 165° and the Z---B distance no more than 4.0 Å. These limits allow minor deviations from exact linearity (180°) and include separations somewhat larger than the sums of the respective van der Waals radii (as shall be seen). Some flexibility in the limits is realistic because the σ-hole interactions are likely to be affected by various additional intermolecular interactions, especially in a crystal lattice [24, 30, 55, 80] . (We return to this later.) It should also be kept in mind that van der Waals radii are not rigorously defined quantities; they are simply approximate and somewhat arbitrary guidelines to noncovalent interactions [81, 82] , not rigid limits.
In Table 1 is an overall summary of our results. A total of 285 close contacts of the specified types were obtained. Trivalent nitrogen has fewer than either phosphorus or arsenic, which is not surprising; the first-row atoms in Groups IV-VII are known to be less likely than the others to participate in σ-hole interactions [10, 11, 20] . This can be attributed to them being the most electronegative and least polarizable members of each Group. We now analyze in more detail the types of close contacts that occur most frequently in Table 1 . 
Close Contacts of Trivalent Phosphorus with Oxygens of Types 11 and 12
In Figures 3 and 4 Comparing Figures 3 and 4 suggests a tendency for the P---O=C< distances to be shorter and the interactions closer to linearity than the P---O<. One reason for this may be that a doubly-bonded oxygen is more exposed and more accessible, and its interactions less subject to interference, than when the oxygen is bonded to two nearby atoms or groups.
Particularly in the crystalline state, the likelihood of additional interactions must be considered [24, 30, 55, 80] . These can counter the σ-hole interaction (as is sometimes the case for fluorine σ-holes [24] ) or they may reinforce it. An example of the latter is in Figure 5 ; the crystal structure of tris(L-alanylmethyl)phosphine tetrahydrate shows P---O=C σ-hole bonding with P---O separations of 3.06 Å [83] . There are also N-H---O hydrogen bonds, the H---O distances ranging from 1.82 to 2.00 Å (the sum of the hydrogen and oxygen van der Waals radii is 2.7 Å [81, 82] ). 
Close Contacts of Trivalent Arsenic with Oxygens of Type 11
The As---O< contacts, Figure 6a , are overall closer than the P---O<, Figure 3a ; the great majority of the As---O< are less than the sum of the arsenic and oxygen van der Waals radii, 3.4 Å [81,82] . The shorter As---O< separations compared to the P---O< is not surprising; the more polarizable and less electronegative arsenic normally has more positive σ-holes [10, 11, 20, 29] and therefore should interact more strongly. For example, the σ-hole on the extension of the F-P bond in H 2 FP has a computed maximum positive potential of 1.7 V and the H 2 FP---NH 3 complex has an interaction energy ΔE of −7.2 kcal/mol [20] ; for H 2 FAs, the F-As σ-hole maximum is 1.9 V and ΔE for H 2 FAs---NH 3 is −8.7 kcal/mol. (In this context, it is relevant to mention that both Hartree-Fock and density functional computational procedures have been found to give realistic electrostatic potentials, showing similar trends, provided that split-valence basis sets with polarization functions are used [34, 84, 85] ).
The shortest As---O distance encountered in our survey of crystal structures was 2.56 Å in the monohydrate of 1-hydroxy-2,1λ
5 -benzoxarsol-3-one ( Figure 7 ) [86] . There is an attractive interaction between the oxygen of the water molecule and the σ-hole on the extension of an O-As bond. There is also a C-H---O hydrogen bond with the water oxygen, the H---O separation being 2.46 Å. Figure 8 displays the computed electrostatic potential on the molecular surface of the arsenic-containing molecule shown in Figure 7 ; the water molecule is omitted. Clearly visible are the potential maxima of the arsenic σ-hole, 1.3 V, and of the hydrogen that interacts with the same water oxygen, 1.0 V. 5 -benzoxarsol-3-one, computed at the B3PW91/6-31G(d,p) level on the molecular surface defined by the 0.001 au contour of the electronic density. The structure is shown in Figure 7 . The arsenic atom is toward the bottom left, the aromatic ring to toward the right, and the hydroxyl group is pointing up. Color ranges, in volts, are: red, greater than 1.1; yellow, from 1.1 to 0.82; green, from 0.82 to 0; blue, less than zero (negative). One σ-hole is shown on the arsenic, along the extension of the ring oxygen O-As bond; its most positive value is 1.3 V, indicated by a black hemisphere (in red region). The neighboring C-H hydrogen, indicated also by a black hemisphere (in yellow region), has a maximum potential of 1.0 V.
Close Contacts of Trivalent Phosphorus with Fluorines
The P---F-separations tend to be relatively large, Figure 9a , given that the sum of the van der Waals radii is 3.2 Å [81, 82] . This is consistent with covalently-bonded fluorines often being only weakly negative [10, 22, 24, 87] . An interesting case is 5,5-difluoro-4-oxa-5-phosphapentanenitrile, 14. The phosphorus has three positive σ-holes and in the crystal it interacts simultaneously through two of them with other molecules of 14 [88] , forming what are clearly P---F-and P---O< σ-hole bonds ( Figure 10) ; the separations are 3.41 Å and 3.40 Å, respectively. In addition, there can be seen C-H---N hydrogen bonding; the H---N distance is 2.68 Å, compared to the sum of the hydrogen and nitrogen van der Waals radii, 2.7 Å [81, 82] . The electrostatic potential on the molecular surface of 14 is in Figure 11 ; it shows two of the positive σ-holes on the phosphorus, on the extensions of the O-P and one of the F-P bonds. Their potential maxima are 0.95 and 0.82 V, respectively. The most negative potential on the fluorine is a relatively weak −0.43 V. The computed B3PW91/6-31G(d,p) structure of 14 used to obtain the electrostatic potential in Figure 11 corresponds to the conformation of the molecule in the crystal (as in Figure 10 ). However a more stable gas phase geometry is obtained both experimentally [88] and computationally by a rotation around the CH 2 -CH 2 bond. The conformation shown in Figures 10  and 11 allows the observed C-H---N hydrogen bonding as well as the P---F-and P---O< σ-hole interactions that are found in the crystal (Figure 10) . Figure 12a shows that most of the As---F-distances are relatively large compared to the sum of the van der Waals radii, which is 3.3 Å [81, 82] . As for the P---F-, weakly negative fluorine potentials may often be a factor. 
Close Contacts of Trivalent Arsenic with Fluorines

Close Contacts of Trivalent Nitrogens with Fluorines
As has been pointed out, the first-row member of each Group usually has the least positive σ-holes. It can therefore be anticipated that the N---F-interactions will be weaker than the P---F-and As---F-. Indeed, Figure 13a indicates that all of the N---F-contacts are greater than 3.2 Å, while the sum of the nitrogen and fluorine van der Waals radii is 3.1 Å [81, 82] . It can be inferred that most of these contacts do not represent σ-hole interactions, especially since their number increases with the N---F separation. 
Discussion and Summary
In analyzing the structures of noncovalent complexes, it is important to be aware that more than one intermolecular (or intramolecular [74] [75] [76] [77] ) interaction may be occurring [24, 30, 55, 80] . This is particularly likely for Group IV and Group V molecules, in which the atom with the positive σ-hole is often tetravalent or trivalent, so that there are other atoms or groups in close proximity. This may be true of the negative site as well. These additional interactions may either reinforce or counter the one (or ones) involving a σ-hole.
As examples of reinforcement, Figures 5, 7 and 10 show hydrogen bonds in addition to σ-hole interactions, and Figure 10 includes two different types of σ-hole interactions. In contrast is the gas phase Cl 4 Si---NCH complex involving a positive σ-hole on the silicon and the nitrogen lone pair. A computational study found ΔE = −2.5 kcal/mol, with the Cl-Si---N angle being 180° [30] . However the Si---N separation was 3.93 Å, which is 0.2 Å greater than the sum of the silicon and nitrogen van der Waals radii, 3.7 Å [81,82] . This was attributed to repulsion between the nitrogen and the chlorines. Riley et al. [80] discuss in detail how the structures of σ-hole complexes between fluorinated halobenzenes and acetone are affected by intermolecular H---F attractions and H---H repulsions.
It is with this background that we consider the close contacts summarized in Table 1 . Restricting the R 2 -Z---B angles to the range 165°-180° ensures that they all have the near-linearity that is characteristic of σ-hole bonding. Some deviation from exact linearity is to be expected because of the other interactions that are occurring. For instance, in the structure shown in Figure 7 , the O-As---O angle of 171.4° undoubtedly reflects the hydrogen bond in which the water oxygen is also involved. The numerous intermolecular interactions seen in Figures 5 and 10 account for the various R 2 -Z---B angles being about 170°.
With respect to the Z---B separations, the sums of the respective van der Waals radii provide some guidelines as to what may be considered close contacts, but they are certainly not rigid. The histograms that we have presented show a significant number of contacts that are less than the sums of the respective van der Waals radii, and they usually have maxima in the vicinities of these sums. The most notable exception is Figure 13 , in which the maximum is at relatively large contact distances. Accordingly we interpret only the shortest ones of the N---F-contacts, e.g., Figure 14 , as σ-hole bonding.
Overall, it seems safe to conclude that the majority of the phosphorus and arsenic close contacts in Table 1 do represent σ-hole interactions. It should also be noted that our survey did not consider all possible negative sites. Other likely ones, in addition to 8-13, include anions, π electrons and portions of electronegative atoms such as chlorine and sulfur [11] . Thus, phosphorus and arsenic σ-hole interactions should be viewed as viable tools for crystal engineering.
